Sensitive high-resolution ion microprobe U-Pb zircon ages for late to posttectonic leucogranites fix the timing of extensional collapse of a portion of the Mesoproterozoic Grenville orogen of eastern North America. Plutons of Lyon Mountain Granite (LMG) were emplaced within the Carthage Colton shear zone synchronously with formation of extensional mylonite at 1045-1037 Ma. Leucogranite melts were generated in the hot granulite facies core of the Adirondack Highlands-Central Granulite terrane that served as the lower plate for down-to-the-northwest extension. The LMG suite is associated with hightemperature hydrothermal magnetite deposits in the Adirondack Highlands, and widespread Cl ؉ CO 2 hydrothermal alteration of upper-plate rocks is localized along the Carthage Colton shear zone where LMG granites are present. The relationships between melt generation, granite intrusion, high strain rates, extensional collapse, and hightemperature hydrothermal activity provide a framework for understanding midcrustal processes in modern and ancient orogenic belts.
INTRODUCTION
The generation of leucogranite plutons in continental orogens is a consequence of crustal thickening, metamorphic dehydration, and advection of mantle heat. Rapid extension during orogenic collapse may be documented by the intrusion of granite into zones of high strain (Hodges et al., 2002) . In the southwestern Grenville Province ( Fig. 1 ) of eastern North America, collapse of the ca. 1090-1030 Ma Ottawan orogen is recorded in ductile shear zones (Fig. 1 ). This study focuses on the Carthage Colton shear zone, a zone of mylonite and ultramylonite that forms a 1-15-kmwide boundary between upper amphibolite facies rocks of the Central Metasedimentary Belt-Adirondack Lowlands and the granulite terrane of the Adirondack Highlands. Regional relationships suggest a prolonged history of motion from ca. 1100 Ma to ca. 900 Ma (Streepey et al., 2001; Johnson et al., 2004) . Kinematic indicators document early thrust motion followed by later normal faulting (Hall, 1984; Wiener et al., 1984; Heyn, 1990) . Northwest rotation of the Lowlands occurred after ca. 900 Ma (Dahl et al., 2004) . Emplacement of granite followed regional compression and penetrative fabric development but was coeval with extensional collapse.
In the Adirondack Highlands the Ottawan orogeny was a collisional and crustal thickening event that began after intrusion of Hawkeye suite granite (1090 Ma; McLelland et al., 2001 ) and led to granulite facies metamorphic conditions for the Highlands (temperature, t Ͼ730-800 ЊC; pressure; Ͼ5-8 kbar; Spear and Markusen, 1997) . The Ottawan was a Himalayan-style collision that affected most of the Grenville Province as the supercontinent of Rodinia was assembled in the late Mesoproterozoic (Rivers, 1997; Dalziel et al., 2000) . In the Himalaya and adjacent Tibetan Plateau, generation of leucogranite began ca. 20 Ma (Miocene High Himalaya leucogranites; Le Fort, 1975) , ϳ35-25 m.y. after the initial collision of India with southern Asia at 55-45 Ma (Besse et al., 1984; Patriat and Achache, 1984) . Geophysical surveys of the southern Tibetan Plateau suggest that leucogranite melts are present at 15-20 km depth (Ross et al., 2004; Gaillard et al., 2004) . In the Adirondack Highlands collisional tectonism and dynamothermal granulite facies metamorphism of the Ottawan began after ca. 1090 Ma (McLelland et al., 2001 ). Significant structural deformation ceased by ca. 1040 Ma, as ca. 1050 Ma leucogranite lacks penetrative fabrics (McLelland et al., 2001 In this study we report sensitive highresolution ion microprobe (SHRIMP) U-Pb zircon geochronology results from leucogranites of the LMG (Postel, 1952; McLelland et al., 2001 ) that intrude high-grade metamorphic rocks within the Carthage Colton shear zone. Field relationships unequivocally demonstrate granite emplacement coeval with mylonitic deformation in a NW-SE-directed extensional strain field. Locally the granite contains high-temperature hydrothermal quartz-sillimanite segregations (McLelland et al., 2002 ) that acted as strain markers during ductile extension. U-Pb zircon ages from these granites tightly constrain an early phase of extension on the Carthage Colton shear zone.
FIELD RELATIONSHIPS AND GEOCHRONOLOGICAL RESULTS
Samples were taken from three critical exposures along Carthage Colton shear zone (Fig. 1) . Zircon separates were handpicked and prepared for SHRIMP analysis. SHRIMP analytical procedures followed those described by Stern (1997) , with standards and U-Pb calibration methods following Stern and Amelin (2003) . Zircons were imaged on a JEOL 6360LV scanning electron microscope. 
Crosscutting Dikes of Leucogranite
In a series of roadcuts along NYS Route 812 (Indian River Road near Croghan, New York [IRR in Fig. 1 ; UTM 18T, 495212, 4920802]), undeformed quartz mesoperthite leucogranite intrudes mafic syenite gneiss of the ca. 1154 Ma Diana Complex (Hamilton et al., 2004) at this locality. Granite dikes crosscut foliation and contain abundant mafic xenoliths. Sample IRR-1 is an equigranular aplite taken ϳ0.5 m from an intrusive contact.
Zircons from the Indian River Road site are subequant to elongate with faintly zoned cores and finely zoned rims ( Fig. 2A) . Four reliable core analyses yield an upper intercept age of 1195 Ϯ 11 Ma (mean square of weighted deviates, MSDW ϭ 1.3). Six analyses of zoned rims yield 1035 Ϯ 10 Ma with MSDW of 0.63, and represent igneous overgrowths on xenocrysts, as observed elsewhere in the LMG (McLelland et al., 2001) . These results fix the minimum age of penetrative deformation in this part of the Adirondack Highlands as ca. 1035 Ma, as the undeformed granite crosscuts foliated country rock.
Nodular Leucogranite Deformed in the Carthage Colton Mylonite Zone
This locality (Buck Pond Road near Selleck's Corners, New York [SC in Fig. 1 ; UTM 18T, 501304, 4924262]) consists of quartzmicrocline and quartz-mesoperthite leucogranite with centimeter-scale quartz-sillimanite (qs) segregations. The leucogranite locally has northwest-dipping gneissic banding, and q-s segregations form elongate, centimeter-scale rods surrounded by equigranular granite. Sillimanite crystals form mineral lineation in deformed segregations, but oriented segregations are crosscut by later granite dikes with sillimanite. The q-s strain sigmoids indicate topdown-to-the-northwest (normal) transport. Sample SC-1 consists of coarse-textured granite irregularly intrusive into q-s nodule-bearing quartz-microcline gneiss. Nine age determinations on well-developed, oscillatory-zoned rims (Fig. 2B) give a weighted mean age of 1046 Ϯ 7 Ma. The 1046 Ma granite was intruded during active extension on the Carthage Colton shear zone at this site.
Pegmatite Intruding Carthage Colton Zone Mylonite
Mylonitic gneiss and calc-silicate granulite are intruded by leucogranite pegmatite at this locality (Brouse's Corners, Clare, New York [BC in Fig. 1 ; UTM 18T, 495212, 4920802]). Mylonitic gneiss fabric and bands of ultramylonite dip northwest and display microstructures indicating top-down-to-thenorthwest transport. The pegmatite contains xenoliths of mylonitic gneiss, and pegmatite invades and crosscuts mylonitic foliation. However, the pegmatite shows mylonitic deformation along its intrusive margins. One meter-scale mass of pegmatite forms a strain sigmoid indicating deformation consistent with other strain markers in the mylonite. Pseudotachylite veins crosscut mylonitic foliation but apparently do not crosscut granite pegmatite. Zircons from sample BC-PEG, an undeformed granite pegmatite, are equant and faintly zoned in cathodoluminescence and backscattered scanning electron images (Fig.  2C) . The mean age is 1044 Ϯ 7 Ma, (nine analyses), within error of Indian River Road and Selleck's Corners ages. This age fixes the timing of active mylonitic strain, as the pegmatite intrudes mylonitic rock but is mylonitized along its margins. A summary of the analytical results (Data Repository 1 ) is presented in Table 1 .
DISCUSSION
The emplacement of granite during extensional collapse of continental collisional orogenic belts is an expected consequence of the temperature and pressure regimes present (Leake, 1990) . Intrusion synchronous with extensional collapse has been documented in numerous ancient orogenic belts (e.g. late Mesozoic of southeast California (Kula et al., 2002) , Variscan Belt of Spain (Aranguren et al., 1996) and Proterozoic of Greenland (Hutton et al., 1990 orogen collapse may be directly related. Jackson et al. (2004) noted that thickened lithosphere may sustain significant elevation anomalies until invasion by melts or fluids released during granulite to ecologite transformation. The rheologically strong granulite facies rocks of the Adirondack Highlands and correlative rocks of the central granulite terrane of Ontario and Quebec may have resisted orogenic collapse until melts were emplaced. In the Grenville orogen, weakening of formerly strong crust by magma emplacement initiated extensional motion. Melt emplacement and crustal weakening may have occurred somewhat earlier along the Tawachiche shear zone in Quebec, where the syntectonic granites described by Corrigan and Van Breeman (1997) occupy similar structural positions, but are somewhat older, ca. 1055 Ma.
The position and age of the leucogranites along the Carthage Colton shear zone indicate that granite melt generation and crustal extension were coeval. The melting was initiated within the hotter granulite facies Adirondack Highlands that acted as the lower plate along which extension occurred. These melts weakening formerly strong, dehydrated rocks of the granulite facies Highlands core and facilitated rapid crustal extension and unroofing. Further, the associated CO 2 and HCl hydrothermal activity documented in nearby rocks of the Adirondack Lowlands (Tyler, 1978) , which acted as the upper plate of the Carthage Colton shear zone, was driven by a broad belt of LMG plutons along the southeast margin of the Carthage Colton shear zone. This magmatism is also associated with the distinctive low-Ti magnetite ores of the northwest Adirondack Highlands (Foose and McLelland, 1995; McLelland et al., 2002) .
Field relationships at the Brouse's Corner exposures (Fig. 1) described here suggest that the pseudotachylite, ductile high-strain ultramylonite and mylonite, and granite pegmatite developed more or less synchronously. A possible model for earthquake-generating strain rates at depths where deformation would be otherwise ductile could be the deep crustal setting described by Smith et al. (2004) for the westernmost Great Basin near Lake Tahoe, California. Deep (29-33 km) earthquakes within this zone of regional extension are interpreted as originating from high-strain-rate events accompanying magma emplacement into extending crust. We suggest that the mylonites, pseudotachylites, and leucogranites of the Carthage Colton shear zone were all formed under similar conditions during the collapse of the Grenville orogen ca. 1045 Ma.
The events and processes discussed here are similar in nature and timing to those described by Corrigan and van Breemen (1997) in the Shawinigan Falls, Quebec, sector of the Grenville Province where the Tawachiche shear zone juxtaposes an amphibolite facies hanging wall against a granulite facies footwall on the southwestern side of the fault. We interpret these similarities to reflect the late Ottawan, large-scale tectonic exhumation of the Granulite terrane of the Grenville Province along major low-angle extensional faults in the Adirondacks (dip NW) and in Quebec (dip NE). Coeval magmatic activity was present in both regions but more pronounced in the Adirondacks. It is certain that the Labele shear zone that marks the western terminus of the Granulite terrane in Quebec also participated in this unroofing, but details await investigation.
CONCLUSIONS
U-Pb SHRIMP analyses of zircons of synextensional granites in the Carthage Colton shear zone document crustal extension and orogenic collapse of this portion of the Grenville orogen ca. 1045 Ma. Emplacement of melts generated within the granulite facies core of the Adirondack Highlands at the end of the Ottawan compressional event weakened the formerly strong middle crust and fostered further extension and crustal weakening. Field relationships demonstrate that granite intrusion accompanied ductile mylonitization coeval with brittle pseudotachylite. Ultimately, these processes exhumed the granulite facies core of the orogen now preserved in the Granulite terrane of the Grenville Province, and did so at a sufficiently rapid rate to preclude backreaction of the high-grade assemblages.
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